This work demonstrates that Bin1 and Bin2 toxins, produced by Bacillus sphaericus strains IAB59 and 2362, respectively, share a binding site in midgut brush border membranes (BBMF) from Culex pipiens complex larvae. However, a colony selected with strain IAB59, displaying a resistance ratio of only 42-fold to IAB59, but a 162,000-fold resistance to strain 2362, was found to miss receptors for Bin2 in the BBMF. This correlates with results showing that Bin1, produced in strain IAB59, failed to bind specifically to BBMF from other colony highly resistant to strain 2362. Data indicate the loss of the BBMF bound receptor as a general mechanism of resistance to binary toxins in mosquito.
Introduction
The main targets of the entopathogenic bacterium Bacillus sphaericus are species from the Culex pipiens complex, vectors of some human diseases. Most highly toxic B. sphaericus strains are grouped into serotype H5 like 2362, 1593 and C3-41, while the strains 2297 and IAB59, belong to H25 and H6 serotypes, respectively [1] . The highly toxic strains, like 2362, 1593 and C3-41, have been developed into mosquito larvicide for large-scale application in vector control programs.
The activity of B. sphaericus mainly relies on the crystal toxin, named binary toxin, which is produced upon sporulation [2, 3] . Besides, some toxic strains can also produce other mosquitocidal toxins, unrelated to the binary toxin, the Mtx toxins [4, 5] . Those are expressed during the bacterial vegetative growth and can be degraded when cells undergo the stationary phase. The mechanism of mosquitocidal activity of the Mtx toxins is still needed to be clearly elucidated [1] , but it was already demonstrated that the Mtx ADP-rybosilating enzymatic activity has an important role for the cytotoxicity in mammalian cells [6] .
The binary (Bin) toxin, composed of two polypeptides of 42-and 51-kDa, named BinA and BinB, respectively [7, 8] is considered as the major insecticidal factor in B. sphaericus. Those components act in synergy and are required in equimolar proportion to exhibit the optimal level of toxicity against larvae [9] . The mode of action of the Bin toxin depends on the ingestion of crystal, dissolution of the crystal matrix under alkaline pH in the larvae midgut, and further activation of BinA and BinB by midgut serine-proteases forming the active fragments of 39-and 43-kDa, respectively [10, 11] . In vitro binding assays showed that selective action of Bin toxin on C. pipiens larvae depends on high affinity binding of the Bin toxin to a single class of specific receptors, located in the apical membrane of midgut epithelium [12, 13] . This receptor, named Cpm1, is an a-glucosidase of 60-kDa attached to the cell membrane by a glycosyl phosphatidyl inositol anchor [14, 15] .
The genes encoding the Bin toxins of different strains are conserved and, according to the comparison of variant amino acids found among the sequences, they are classified as Bin1 (IAB59), Bin2 (2362/1593/C3-41), Bin3 (2297) and Bin4 (LP-1G) [16, 17] . The mode of action, previously described, is based on the Bin2 toxin expressed by the strains 1593, 2362 and C3-41. Products based on those strains showed high field effectiveness against Culex in many areas [18] [19] [20] , however laboratory and field experiences showed that intensive and exclusive use of the B. sphaericus, might lead to the development of resistance. The mode of action currently known relies on the interaction of a single toxin to one binding site, as a consequence, populations may attain high levels of resistance when exposed to strong selection pressure with bioinsecticides based on those strains [21] [22] [23] [24] [25] . The most common resistance mechanism detected is the failure of the Bin2 toxin to bind its receptor, although other mechanism might be also involved [26] [27] [28] [29] . Those strains, the most successfully commercialized for mosquito control, produce Bin2 toxin with identical amino acid composition and cross-resistance in Culex quinquefasciatus was detected among them. However, screening of strains able to overcome resistance show that strain IAB59, that produces Bin1 toxin, is active against Culex larvae highly resistant to the strains 2362, 1593 and C3-41 [25, 30] . This finding brought more interest to the strain IAB59, taking into account the need to improve knowledge on the mode of action of bacteria active against dipteran larvae. Then, the major goals of this work are to compare the binding ability of Bin1 and Bin2 to C. pipiens susceptible larvae and to larvae resistant to strain IAB59 and strain 2362, in order to elucidate the role of Bin toxins on this phenomena.
Materials and methods

Mosquito colonies
Four Culex colonies were used in this work: (1) IP: a susceptible C. pipiens colony maintained in the insectarium of the Unité des Bactéries Entomopathogènes at the Institut Pasteur, France. (2) CqSF: a susceptible C. quinquefasciatus colony maintained in the insectarium of the Centro de Pesquisas Aggeu Magalhães, Brazil. (3) CqRL2/IAB59: colony derived from the CqSF and selected with B. sphaericus strain IAB59, under laboratory conditions [25] . In this work larvae from 3 generations F12, F18 and F25, with resistance ratio (RR) of 4-, 42-and 50-fold towards IAB59 strain, respectively [25] , were analyzed. (4) CqRL1/2362: colony derived from the CqSF and selected with B. sphaericus strain 2362 under laboratory conditions, with a stable and high level (RR > 162,000-fold) of resistance [25] . The insects from all colonies were reared at 26 ± 2°C, in 70% relative humidity and with a 12:12 (L:D) h photoperiod. Larvae were reared in tap water and fed on cat biscuits. The adults were maintained on a 10% sugar solution and females were fed on chickens or guinea pigs.
Brush border membrane fractions
The brush border membrane fractions (BBMF) were obtained from 4th instar larvae frozen and stored without buffer, at À71°C. BBMF preparation is based on selective divalent cation precipitation and differential centrifugation in an ice-cold buffer (0.3 M mannitol/5 mM EGTA/20 mM Tris-HCl, pH 7.4), as described previously [13] . The BBMF protein content was measured by the BioRadÒ protein assay and the enzymatic markers of BBMF, leucine aminopeptidase (EC 3.4.11.1) and a-glucosidase (EC3.2.1.20) activities, were measured as described previously [14] .
B. sphaericus toxins preparation
Bin1 and Bin2 toxins from B. sphaericus strains IAB59 and 1593, respectively, were purified from crystals isolated from a crystal-minus B. thuringiensis serovar. israelensis strain 4Q2-81, transformed with plasmids carrying the genes encoding Bin2 [31] and Bin1 toxins [25] . Crystals containing Bin toxin from each strain were solubilised by NaOH 50 mM, neutralised and dialysed against 20 mM sodium phosphate buffer, pH 8. Toxin was activated with bovine pancreatic trypsin (enzyme to protein ratio 1:100, w:w) for 1 h at 37°C and concentrated by ultrafiltration. Bin1 and Bin2 toxins were radiolabeled with 125 I, as previously described [12] . Toxins were stored at 4°C in a 20 mM sodium phosphate buffer, pH 7.5, containing 150 mM NaCl and 0.02% sodium azide (PBS/Az).
Binding assays
In vitro assays between the 125 I-Bin2 or 125 I-Bin1 toxins from B. sphaericus strains 1593 and IAB59, respectively, and BBMF of larvae midgut from Culex colonies were performed in duplicate, at room temperature, in a total volume of 100 ll of PBS/Az, pH 7.5, buffer, containing 0.1% bovine serum albumin (PBS/ Az/BSA). Samples were incubated for 16 h and BBMF-bound toxin was separated from free toxin by centrifugation. Pellets, obtained from each sample containing the BBMF-bound toxin, were rinsed twice in 200 ll buffer, added to 3 ml of scintillation cocktail and analysed in a liquid scintillation counter. Competition and saturation assays were performed and binding characteristics (IC 50 , K d , B max ) were calculated using the program Prism 3.03 for WindowsÒ. Homologous and heterologous competitions assays were carried out. For the competition binding assays each experimental point was performed in duplicate by incubating 20 lg of BBMF protein with 10 nM of labeled toxin in the absence of competitor, and in the presence of increasing concentrations (1 nM to 2 lM) of the unlabelled homologous or heterologous competitor. Saturation assays were performed by incubating 20 lg of BBMF protein with six increasing concentrations of 125 I-toxin (2-150 nM). Non-specific binding was determined in parallel, by incubating another set of samples in the presence of an excess (1 lM) of the respective unlabeled toxin. Each experimental point was performed in duplicate.
Results
BBMF preparations
Analysis of brush border membrane fraction (BBMF) preparations from all colonies analysed in this work showed the similar levels of enrichment of enzymatic markers of apical microvilli, despite of the differences on the larvae susceptibility to B. sphaericus displayed by the colonies. Leucine aminopeptidase and a-glucosidase enrichment factors observed in BBMF were 5.8 ± 2.1 and 4.4 ± 1.8, respectively.
Competition between Bin2 and Bin1 toxins
Homologous and heterologous competition assays were performed to compare the binding ability of Bin1 and Bin2 toxins towards the BBMF from C. pipiens susceptible larvae (IP). For those assays it was observed that 8% of the 125 I-toxin added (10 nM) bound to the BBMF in the absence of competitor. Regarding the total binding, around 91% of toxin bound was specific, against less than 10% of non-specific binding.
Ten nanomolar of 125 I-Bin2 incubated with BBMF, in the absence of competitor, showed toxin specific binding of 3.8 ± 0.6 pmol/mg of BBMF protein. Increasing concentrations of free homologous Bin2 or heterologous Bin1 competitors showed that both displaced almost all 125 I-Bin2 specifically bound ( Fig. 1(a) ). Bin1 was able to compete for the same binding sites as Bin2, present in BBMF, and the IC 50 , competitor concentration able to displace 50% of the bound toxin, was similar for both (Table 1) . Competition assays using 125 I-Bin1 showed 3.9 ± 0.6 pmol/mg of specific binding to BBMF, in the absence of competitor. Homologous competitor displaced almost completely the 125 I-Bin1 bound and heterologous competitor Bin2 was able to compete for the binding sites and it displaced the Bin1 bound toxin (Fig. 1(b) ). The IC 50 of both competitors was similar (Table 1) . 
Binding assays between Bin2 and BBMF from CqRL2/IAB59
Binding assays between 125 I-Bin2 toxin and BBMF from larvae under laboratory selection with B. sphaericus strain IAB59 (CqRL2/IAB59), were conducted with larvae from the parental generation (CqSF) and after 12 (F12), 18 (F18) and 25 (F25) generations of selection to that strain. Homologous competition assays showed that 125 I-Bin2 bound specifically and with high affinity to BBMF from the parental generation and from F12, while binding to BBMF from F18 and F25 was weak ( Fig. 2(a) ). Ten nanomolar of 125 I-Bin2 toxin, in the absence of competitor, bound 4.0 ± 0.6 pmol/mg of BBMF from parental and F12 generations. The addition of free Bin2 displaced almost completely the specifically bound toxin to BBMF, in both cases ( Fig. 2(a) ). The IC 50 of the competitor was very similar and between 14-18 nM. Ten nanomolar of 125 I-Bin2 showed a low level specific binding (0.6 ± 0.07 pmol/mg) to BBMF from F18 and F25, and the addition of competitor showed a poor displacement of bound toxin ( Fig. 2(a) ).
Saturation binding assays showed that increasing concentrations of 125 I-Bin2 bound specifically and with high affinity to receptors present in the BBMF from parental and from F12. In both cases Scatchard plotting of specific binding is consistent to a single class of receptors in BBMF (data not shown). Specific binding of 125 IBin2 to BBMF from parental and F12 reached a saturation plateau in the level of 50 nM of 125 I-Bin2 added (Fig. 2(b) ). Toxin binding characteristics to BBMF from parental and F12 were similar: dissociation constant (K d ), that estimates binding affinity, was 9.9 ± 2.9 and 10.2 ± 5.2 nM, respectively; the binding site concentration (B max ) was around 6.3 ± 0.4 and 6.4 ± 0.7 pmol/ mg of BBMF protein, respectively. On the other hand the maximum level of specific binding recorded between 125 I-Bin2 and BBMF from F18-F25 was less than 0.3 pmol/mg of BBMF, and a saturation curve was not observed (Fig. 2(b) ). Binding characteristics from those assays could not be calculated. It is important to point out that preliminary assays between 125 I-Bin1 toxin and BBMF from CqRL2/IAB59 larvae showed similar results to those using the 125 I-Bin2 toxin (data not shown), which confirmed that those toxins have the same ability to bind BBMF as presented (Fig. 1) .
Saturation binding assays between Bin1 and BBMF from CqRL1/2362
Binding assays between 125 I-Bin1 from IAB59 strain and BBMF from the colony CqRL1/2362 highly resistant to B. sphaericus 2362, were conducted to elucidate the role of Bin1 in the activity of strain IAB59 towards CqRL1/2362 larvae. Saturation assays showed that 125 IBin1 bound specifically and to a single class of receptors present in the BBMF from non-selected parental larvae (Fig. 3) . 125 I-Bin1 attained a saturation plateau and the binding characteristics were K d of 5.1 ± 0.2 nM and B max of 7.9 ± 3.8 pmol/mg of BBMF. When increasing concentrations of 125 I-Bin1 were incubated with BBMF from the CqRL1/2362, the maximum level of specific binding observed was lower than 0.4 pmol/mg of BBMF protein, without any profile of saturable binding (Fig.  3) . Binding characteristics could not be calculated from those assays.
Discussion
Labeled Bin1 and Bin2 toxins bound with high affinity for the same class of receptor in the BBMF from the susceptible C. pipiens IP colony, and their binding ability can be considered as identical. Previous data showed that Bin2 and Bin1 displayed high level of toxicity towards culicidae larvae, despite of differences found in the nucleotide sequences of the toxin components [16] . The comparison of nucleotide sequence of BinB, which is the component responsible for toxin binding to receptors [32] , showed 6 variant amino acids between Bin1 and Bin2 toxins [17] . For the component BinA, not implicated in the recognition and binding to Culex receptors, there is a 2 amino acid variation [17] . Data from this work showed that, despite those sequence differences in the BinB component, Bin2 and Bin1 toxins have the same ability to bind to C. pipiens midgut receptors. This is in contrast to what was found for Bin4 toxin, from B. sphaericus strain LP1-G, where only one amino acid variant in Bin4A component of this strain [16] , is responsible for a strong difference in the toxicity towards C. pipiens larvae [33] .
The fact that Bin1 and Bin2 share a common binding site may have implications for the development of resistance and its mechanism. This was investigated through binding experiments. Bin1 toxin was tested for its binding capacity towards BBMF from Culex colony (CqRL1/2362) highly resistant to strain 2362. Bin2 was used to test binding on BBMF from colony (CqRL2/ IAB59) during selection with strain IAB59. Data from assays between 125 I-Bin2 toxin and BBMF from CqRL2/IAB59 showed that toxin still bound with high affinity to BBMF after 12 generations of exposure to that strain. At that moment larvae from the colony displayed a resistance ratio of 4-fold towards the strain IAB59 [25] . Comparison of Bin2 binding characteristics to BBMF from CqSF, the susceptible colony, and from F12, showed that they are alike and consistent with other parameters previously related [12, 28, 29] . Analysis of F18 and F25 generations, when the CqRL2/IAB59 colony attained resistance ratios of 42-and 50-fold, respectively, showed that Bin2 could no longer bind to BBMF of those larvae. This moderate level of resistance to strain IAB59 is related to a binding failure of Bin2. The fact that no binding was observed with a relative low-level resistance toward strain IAB59 is explained by the fact that the F18 colony had a 162,000-fold resistance to strain 2362, which produce Bin2. Then the high level resistance is also, in this case, due to toxin binding failure. Our data indicate that the action of other toxic factor(s) in the strain IAB59 are involved in larvae mortality, which may explain why that colony did not display a level of complete refractoriness when the loss of Bin functional receptors occurs, which is different from data related in other works, where B. sphaericus resistance mechanism, in four among six populations investigated, relied in the loss of toxin binding [25] [26] [27] [28] . Attempts to select resistance to strain IAB59 showed that evolution of resistance is slower [25] corroborating the idea that more than one toxic factor, the Bin toxin, is involved in the activity of this strain.
This evidence also is supported by data from our assays between Bin1 toxin and BBMF from CqRL1/2362, highly resistant to B. sphaericus 2362, which showed the absence of functional receptors, although the IAB59 strain was still active. Data demonstrate that strain IAB59 has different features from other highly toxic strains and its action does not rely exclusively on the Bin toxin. In fact, previous data showed that colonies highly resistant to strain 2362 do not show cross-resistance to IAB59, in contrast to the high cross-resistance observed among the strains 1593, 2362, C3-41 and 2297 [25, 30] . This result demonstrates that in vivo susceptibility to strain IAB59, which contains Bin1 as the major toxic factor known, is not a consequence of the binding between Bin1 and receptors from BBMF, as the mode of action previously demonstrated for other susceptible colonies [12, 13] . It has already been shown that Bin2 toxin could not specifically bind to BBMF from the 2362 resistant colony CqRL1/2362 [25] . As demonstrated in the first part of this work, data proved that amino acids variants in the Bin1 sequence, are not I-Bin1 toxin and 20 lg of brush border membranes fractions from Culex quinquefasciatus larvae midgut from a susceptible parental colony (CqSF) and from a colony highly resistant to B. sphaericus strain 2362 (CqRL1/2362). Incubations were performed in the absence (total binding) and in the presence of an excess (1 lM) of free toxin (non-specific binding). Graphic represents only the specific binding recorded between toxin and BBMF.
responsible for the activity displayed by strain IAB59 against CqRL1/2362 resistant larvae. The SDS-PAGE profiles show that strain IAB59 is distinguished from the other highly toxic strains due to the presence of a 49-kDa protein and this factor could be responsible for its toxicity against resistant larvae [25, 30, 34] . Data available indicate that this potential toxic factor needs to be characterized to elucidate its role on the toxicity of IAB59 strain, since it is able to delay the evolution of C. pipiens resistance to B. sphaericus. Knowledge on the mode of action of known toxins and the characterization of new ones will enable to better explore the properties of native strains as well as to construct ideal recombinant bacteria for vector control, which are able to display a complex mode of action still being safe to the environment and reducing the risk of resistance development.
